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The U. S. Government and aerospace indust ry  have increased mater ia ls  research 
aver the past f i f t e e n  years a t  a s i g n i f i c a n t  r a t e  i n  order t o  achieve ever higher 
. 
leve ls  o f  thermal performance. However, the development of appropr iate adhesives 
i s  lagging behind the product ion o f  s t ruc tu ra l  aerospace mater ia ls .  I n  an attempt 
t o  cor rec t  t h i s  s i tua t ion ,  t he  government-aerospace comuni t y  has begun t o  recog- 
n i  r e  s p e c i f i c  adhesive needs generated by programs r e q u i r i n g  advanced s t r u c t u r a l  
mater ia ls  f o r  elevated temperature appl icat ions on a i r c r a f t  and spacecraft. The 
expected service l i f e  f o r  such mater ia ls  could range from the  s i n g l e  f l i g h t  o f  a 
m iss i l e  l a s t i n g  only a few minutes a t  temperatures approaching 500°C t o  the super- 
sonic t ransport  which w i l l  probably be used f o r  a t  l e a s t  50,000 hours a t  :77°-2320C 
(Fig. 1). 
During the past f i v e  years, t he  need for  high-temperature adhesives has been 
addressed by the National Aeronautics and Space Administ rat ion (NASA)-Langley Re- 
search Center i n  the Composites f o r  Advanced Space Transportat ion Systems (CASTS) , 
Supersonic Cruise Research (SCR) , and the Solar S a i l  programs. CASTS i s  d i rec ted  
toward the development of technology t o  reduce the  s t r u c t u r a l  weight of vehicles 
Figure 1. Time-temperature needs o f  advanced mater ia l  S. 
such as the  Space Shut t le  through the use of high-temperature composite mater ia ls .  
The SCR program i s  designed t o  s e l e c t  and develop mater ia ls  f o r  s t r u c t u r a l  a p p l i -  
cat ions on f u t u r e  supersonic t ransports .  The Solar  S a i l  i s  an outgrowth o f  t he  
concept of so la r  wind propuls ion o f  components i n  i n te rp lane ta ry  space requ i r i ng  
long-term serv ice a t  temperatures as h igh as 300°C. 
A t  present, commercially ava i l ab le  adhesives do no t  meet a l l  o f  the  requ i re -  
ments o f  these programs. The Mater ia ls  D i v i s i o n  a t  NASA-Langley i s  there fore  con- 
duct ing research t o  develop high-temperature adhesives f o r  j o i n i n g  metals, f i lms ,  
and f i b e r - r e i  nforced/polymer-matrix s t r u c t u r a l  composites. Adhesives under i rives- 
t i g a t i o n  inc lude both l i n e a r  and addi t ion- type aromatic polyimides and polyphenyl- 
quinoxal ines. The discussion which f o l  lcws w i  11 i n c l  ude synthet ic  methods and 
appl icat ions fo r  the  adhesives being developed a t  NASA as we l l  as o ther  cur ren t  
commercial l y  avai 1 able and experimental high-temperature adhesives . 
I I. HIGH-TEMPERATURE LINEAR ADHESIVES 
Linear  Polyimides 
L inear  aromatic condensation polyimides are  mater ia ls  o f  prime choice f o r  aero- 
space adhesives. They are p a r t i c u l a r l y  a t t r a c t i v e  because o f  t h e i r  toughness and 
f l e x i b i  1 i ty ,  remarkable thermal and thermooxidative s t a b i l i t y ,  r a d i a t i o n  and so lvent  
resistance, l igh tness  o f  weight, and exce l l en t  n~echa:~ical and e l e c t r i c a l  charac- 
t e r i s t i c s  over a wide temperature range. The p r o c ~ s s i n g  o f  these mater ia ls ,  how- 
ever, i s  tedious compared t o  o ther  engineering p l  ac t ics .  Conventional l y  , adhesives 
prepared from l i n e a r  aromatic polyimides have been processed i n  the  amic a c i d  form 
because, once converted t o  the  polyimide, they become in t rac tab le .  The usual prep- 
a ra t i on  o f  a l i n e a r  aromatic polyimide (F ig.  2)  involves the reac t i on  of an aromatic 
dianhydride w i t h  an aromatic diamine (A) i n  a h igh-bo i l ing  soldent t o  produce a 
high molecular weight, so luble polyamic ac id  (B) .  The polyamic a c i d  i s  then imid ized 
t o  an inso lub le  and thermal ly  s tab le  polyimide (C) by heat ing a t  a h igh  temperature 
(300°C) which involves the  evo lu t i on  o f  both water o f  condensation and solvent .  
Because of the  v o l a t i l e s  generated, the  preparat ion of l a rge  void-free adhesive j o i n t s  
w i t h  such a mater ia l  can become exceedingly d i f f i c u l t .  
Solvent Studies on L inear  Polyimides 
Ear ly  l i n e a r  polyimide adhesives (Ref. 1) were prepared as amic a,cids i n  h igh l y  
. , po la r  so l  vents such as N, N-dimethylacetami de (GMAc) o r  N, N' -dimethyl formavide (DMF) . 
1 , . 
I 
These amide solvents a re  re ta ined by the  polymer 
dur ing the bonding process which causes the 
formation o f  detr imenta l  voids and promotes 
0 0 degradation of the  adhesive through transamidi - 
o$&$ + H.N-A~-NH, za t i on  (chemical i n t e r a c t i o n  between the  amic 




0 vent t h i s  problem w i t h  amide solvents, an i n -  
ves t i ga t i on  was begun a t  NASA-Langley t o  f i n d  
more s u i t a b l e  solvents f o r  polyimide adhesives. 
0 0 Many solvents were screened using a polymer, [4gOH 1 LARC-2 (Ref. 2),  which had been shown e a r l i e r  t o  have exce l l en t  adhesion t o  glass. LARC-2 (Fig. 
NH -C -NH-Ar 3) when prepared i n  DMAc o r  DMF i s  a h igh  
0 0 molecular weight polyamic acid. Polyimide 
f i lms prepared by cas t ing  a 15% s o l i d s  s o l u t i o n  
B 1 -Ha0 
of t h i s  polymer onto p l a t e  glass remained f l e x -  
0 i b l e  a f t e r  a thermal cure a t  300°C. However, 
tN;=)-A{ 
a darkening i n  the ye l low c o l o r  o f  these f i l m s  
occurred upon cur ing  which was an i n d i c a t i o n  o f  
polymer degradation. Many o the r  solvents used 
0 
C i n  making LARC-2 a l so  y ie lded  h igh  molecular 
polymer, bu t  resu l ted  i n  darkening o f  t he  f i l m s  
Figure 2. Polyimide synthesis. dur ing thermal conversion t o  the  polyimide. 
Figure 3. LARC-2 polyamic ac id  adhesive 
One p a r t i c u l a r  ser ies o f  solvents, however, d i d  permi t  t he  polyamic a c i d  
t o  b u i l d  t o  a h igh molecular weight and caused very l i t t l e  d i sco lo ra t i on  dur ing  
im id iza t ion .  These advantageous sol  vents a-re a1 i p h a t i c  ethers. Though simp1 e 
ethers such as d i e t h y l  e ther  would no t  p roper ly  d isso lve  the  diamine o r  dianhy- 
d r i d e  monomers, such solvents as tetrahydrofuran (THF), dioxane, and b i s (2 -  
methoxyethy1)ether (diglyme) proved t o  be good solvents fo r  both the monomers 
and f o r  the  r e s u l t i n g  polyamic acid. These e ther  solvents seemed t o  i n t e r a c t  
much l e c t  w i t h  the polyamic ac id  dur ing cure than the  amide solvents p rev ious ly  
used. I n  addi t ion,  a remarkable increase i n  the adhesive s t rength  of LARC-2 was 
obtained when the polymer was prepared i n  diglyme as shown i n  Table 1 (Ref. 2 ) .  
As a r e s u l t  o f  t h i s  f ind ing ,  diglyme i s  i n  use today as a solvent  f o r  several 
l i n e a r  polyimide adhesive systems. 
* 
i 'db le  1. E f f e c t  o f  Solvent on LARC-2 Adhesive Strength 
Sol vent Lap Shear Strength, p s i  (MPa) 
- 
DMF 500 (3.5) 
DMAc 2500 (17)  
DMAc/Di oxane 2900 (20) 
D i  glyme 6000 (41) 
* 
RT t e s t  on t i t an ium adherends 
Structure-Property Re1 a t  ions h i p  Studies on Polyimi des 
I n  order t o  observe the e f f e c t  o f  molecular s t ruc tu re  changes on adhesive 
strength, a ser ies  of 1 inear  polyimides prepared i n  diglyme has been screened fo r  
po ten t i a l  adhesive use (Ref. 3).  The e f f e c t  o f  the anhydride monomer on adhesive 
st rength i s  shown i n  Table 2. I n  t h i s  study, an added f l e x i b i l i z i n g  group between 
the benzene r i ngs  of the  anhydride p o r t i o n  o f  t he  polymer increased the adhesive 
l a p  shear strength. The e f f e c t  o f  varying the  structure: o f  the amine p o r t i o n  o f  
the polymer i s  presented i n  Table 3. A major f i n d i n g  i n  , this study was the de- 
pendence o f  adhesive s t rength  upon the  p o s i t i o n  o f  attachment o f  the amine groups 
t o  the benzene r ings.  Adhesive strengths were always h igher  when the amine (-NHZ) 
groups were s i t ua ted  i n  the  meta ( 3 , 3 ' )  p o s i t i o n  as opposed t o  t h e  para (4,4') 
pos i t ion .  This  amine isomer e f f e c t  fa r  outweighed any changes i n  f l e x i b i l i z i n g  
groups between the benzene r ings.  
Polyimide F i l m  Bonding Appl icat ions 
Several years ago, NASA had an urgent need for  an adhesive t h a t  could bond 
Table  2. Effect  o f  Anhydride on Adhesive Strength 
Table 3. E f f e c t  o f  Amine Isomer on Adhesive Streng'th 
Lap Shear 
Anhydride ;\mine Strength, p s i  (!!Pa) 
- " - 8 ,  
I AMlNE STRUCTURE (Ar) I AMlNE ISOMER 1 LAP SHEAR STRENGTH, psi* I 
0 0 0 
Q%GO >,/ 







T I T A N I U M  ADHERENDS 
6000  (41) 
3700  ( 3 2 )  
I ' 
W- u l  t r r t h i n  poly imide(~apton8)*  film as p a r t  o f  t i ~ c  proposed #ASA S o l a r  S a i l  pro- 
I gram. The heliogyra sail ( a r t i s t ' s  impression shown i n  F i g .  4 )  was intended far  
Figure 4. 
NASA solar sai I 
a rendezvous missfon i n  space w i t h  Halleyk Comet i n  2986 and had need for an adhe- 
s i v e  to j o i n  strips of polyirnide film a t  intervals across each blade measuring 8m 
i n  width  by 7350m i n  length.  A series o f  l i n e a r  polyimide f i l m  adhesives, having 
both high-temperature s t a b i l  i ty and f l  ex i  bi 1 i ty , were developed for this appl i c a -  
t i on  (Ref. 4 ) .  The series was based on LARC-2 ( F i g .  3 )  polyamic acid prepared i n  
diglyme with the incorporation af  varyyi ng amaunts of pyromel l i ti c dianhydri de and 
the para (4,4')-linked diamine t o  increase the  u l t i m a t e  use temperature o f  the 
polymer. The sail j o i n t s  required only a 0.64cm overlap o f  f i lm (Ffg. 5 )  which was 
a small enough bond area t o  a1 low an easy escape of volatiles dur ing t he  bonding 
I 
Kapton f i lm 
0.025-O* 127m m 
t 1 - 5 m i i  1 thick 1 
I Figure 5. Schematic o f  bonded film specimens. 
* 
Use o f  trade names or manufacturers doer not const i  t u t e  an off i c i a  1 endorsement, 
I + eitherexpressed or Implied, by the National Aeronautics and Space Adminfstration. 
process. A f t e r  aging bonded f i l m  specimens f o r  6000 h rs .  a t  275"C, t he  l a p  
shear s t reng ths  were 450-620 kPa (70-90 p s i )  which was approx imate ly  8 t imes t h e  
requ i red  s t rength.  Al though the LARC-2 based se r i es  of adhesives met t h e  imme- 
d i a t e  needs o f  the  Solar  S a i l  program, a need s t i l l  remained f o r  an adhesive which 
cou ld  bond l a r g e r  areas of f i l m ,  metals o r  composites w i t hou t  t h e  e v o l u t i o n  o f  
v o l a t i l e s  and entrapment of vo ids.  
A Thermoplast ic Poly imide Adhesive 
* 
A 1 i nea r  the rmop las t i c  po ly imide,  LARC-TPI , i s  p r e s e n t l y  be ing developed a t  
NASA-Langley as a high-temperature adhesive f o r  t he  large-area bonding o f  f i l m s ,  
metals and composites (Ref. 5 ) .  LARC-TPI , 1 i ke LARC-2, i s  based on t he  BTDA and 
3,3' (m,ml)-DABP monomers shown i n  F ig .  6. LARC-TPI, however, i s  f u l l y  i m i d i z e d  
and f r eed  o f  water  and so l ven t  p r i o r  t o  bonding. U n l i k e  convent iona l  po ly imides,  
LARC-TPI has t h e  a b i l i t y  t o  be processed as a the rmop las t i c  a f t e r  im id i za -  
t i o n .  I t s  thermoplast ic  na tu re  i s  undoubtedly due t o  t h e  f l e x i b i  1 i t y  in t roduced  
by b r i d g i n g  groups i n  the  monomers and by t he  - meta (3 ,3 ' ) -1  inked diamine (Ref. 6 ) .  
Th is  ma te r i a l  shows consfderab le  p o t e n t i a l  as an adhesive because i t  can form l a rge -  
area, vo id- f ree bonds due t o  the rmop las t i c  f l ow  (Ref. 5 ) .  
LARC-TPI i s  being eva luated as an adhesive f o r  l am ina t i ng  l a r g e  areas o f  po l y -  
imide f i l m  f o r  bo th  aerospace and i n d u s t r i a l  a p p l i c a t i o n s  i n  t h e  p roduc t ion  o f  
f l e x i b l e  e l e c t r i c a l  c i r c u i t r y .  A process was r e c e n t l y  developed a t  NASA-Langley 
f o r  lamina t ing  po ly imide f i l m s  t o  each o the r  o r  t o  conduct ive metal f o i l s  us i ng  
LARC-TPI as an adhesive. Kapton laminates prepared as shown i n  F ig .  7 do n o t  
f a i l  i n  t he  adhesive when subjected t o  s tandard peel  t e s t s ;  f a i l u r e  occurs 
through t e a r i n g  o f  t he  Kapton f i l m .  Mu1 t i - p l y  laminates i n c l u d i n g  metal  f o i l s  
may a l s o  be produced by  t h e  same process. C i r c u i t s  (Kapton/copper/Kapton) lamina- 
t e d  w i t h  LARC-TPI a re  ab le  t o  w i ths tand  a ten-second immersion i n  a mol ten so lde r  
ba th  w i t hou t  b l i s t e r i n g  o r  de laminat ing (Ref. 7 ) .  
LARC-TPI i s  a l s o  be ing eva luated f o r  the  large-area bonding of an expe r i -  
# mental g raph i t e  composite wing panel i n  t h e  NASA-SCR program. P re l  i m i  nary  bonding 
r e s u l t s  on t h e  adhesive have been generated bo th  in-house and i n  s t ud ies  a t  Boeing 
Aerospace Company (F ig .  8) .  
Th is  a b i l i t y  t o  form large-area, vo id - f ree  bondl ines i s  a f i r s t  f o r  f u l l y  aro- 
mat i  c 1 i nea r  po ly imides and makes LARC-TPI a 1 eadi  ng candidate f o r  f u t u r e  s t r u c t u r a l  
bonding i n  NASA programs such as CASTS o r  SCR. LARC-TPI i s  p r e s e n t l y  i n  t h e  e a r l y  
stages o f  commerc ia l izat ion and may be marketed through a l i c e n s i n g  agreement w i t h  
NASA. 
Figure 6. Preparation o f  LARC-TPI . 
PROCESS : POLYIlllDE FIUl LAFINATES 
( I ) PLACE SANDWICH BETWEEN 
PREHEATED PLATENS (232.C) [ Po~v~mrdet~ tm j LARC-TPI 
( 2 )  APPLY 0.11-2.1 PPa PRESSURE -( Polvomadr film 1] 
(3) HEAT TO 3U 'C;  HOLD 5 !TIN. or 
(4) COOL UNDER PRESSURE LARC-TpI 
RESULTS: CLEAR VOID-FREE 'JMINATE - ADHESIVE 
r POlV~midrf* lm 1 F I ~  
RULTl -PLY MI NATES / 
RETAL-CONTAINING 
LAMINATES 
(At a Cur S t e t l a  Brass) 
- 
------- -- 
f m w  - 
( Pnlvim*de l i lm 1 ?olv$mlde 11lm 
f Polr*md. film 1 
Figure 7. Preparation o f  polyimide f i l m  laminates. 
Figure 8. 
S t ruc tu ra l  adhesi ve 
app l i ca t i on  
* 
o f  LARC-TPI . 
BOE I NG 36.5 20,7  
AEROSPACE 1 (13001 . ( 13*' 900 / (3OOOi 
NASA- 41,Q 17.9  1 
UNGLEY 1 (6000) - (2600) 
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Metal Ions Enhance L inear  Polyimi de Adhesives 
A previous modi f i c a t i  on which improved the  e levated temperature p rope r t i es  
o f  1  inear  polyimide adhesives was the add i t i on  of l a r g e  amounts (30-707; by weight)  
of aluminum powder p r i o r  t o  bonding (Ref. 3). The add1 t i o n  o f  metal f i l l e r s ,  
however, causes a l a rge  increase i n  weight and a loss  i n  f l e x i b i l i t y  of t h e  
adhesille j o i n t .  I t  was recen t l y  discovered t h a t  t he  high-temperature s t rength  o f  
a  polyimide adhesive i s  g r e a t l y  improved by adding complexed aluminum ions  (2% by 
weight)  w i thout  e m b r i t t l i n g  the adhesive (Ref. a ) .  The s t r u c t u r e  o f  the aluminum 
ion-conta in ing polyimide i s  displayed i n  F ig .  9. A l  ions are incorporated i n t o  t he  
polyamic ac id  so lu t i on  i n  the  form of tri (acety1acetonato)al  umi num, A1 ( a ~ a c ) ~ .  
F igure 9. A1 uminum ion-conta in ing polyimide. 
Table 4. Adhesive St rength o f  A1 Ion-Conta in ing Poly imide 
* 
Polymer T O C  Lap Shear S t reng th  , p s i  4 ' 
RT 250°C 275OC 300°C 
With A 1  ( a ~ a c ) ~  271 2400 1900 1600 7 90 
Polymer Alone 251 3000 1600 0 0 
* 
T i  t a n i  um adherends 
The a d d i t i o n  o f  A1 ( a ~ a c ) ~  ra i ses  the  g lass t r a n s i t i o n  temperature o f  the  adhe- 
s i v e  thus inc reas ing  i t s  upper use temperature (Table 4 ) .  Th is  ma te r i a l  has a l s o  
been patented by NASA (Ref. 9) ,  and i s  a v a i l a b l e  f o r  l i c e n s i n g .  
Other L i nea r  Poly imide Adhesives 
I n  1972, DuPont began market ing a ser ies  of l i n e a r  aromatic poly imides c a l l e d  
NR-150 (Ref. 10). Th is  se r i es  was based on the  h i g h l y  thermo-ox ida t i ve ly  s t a b l e  
monomer 2,2-bis ( 3 '  ,4' -d icarboxyphenj '  ) hexa f l  uoropropane (6F). NR-150B2 shown i n  
Fig. 10 d isp layed excel  l e n t  high-temperature adhesive p roper t ies ,  b u t  was d i f f i -  
c u l t  t o  process because o f  the  presence o f  condensation v o l a t i l e s  and a h igh-  
b o i l i n g  so lven t .  I n  s p i t e  o f  these processing d i f f i c u l t i e s ,  t h i s  ma te r i a l  was 
w ide l y  evaluated as a s t r u c t u r a l  adhesive u n t i l  i t s  removal from t h e  market i n  
1980. 
1 95 MOLE % PARA, 5 MOLE % MElA 
Figure  10. Preparat ion o f  NR-150B2. 
Another 1 i n e a r  aromatic po ly imide adhesive which i s  produced commercial 1y i s  
FM-34 marketed by American Cyanamid. Th is  adhesive has proved capable of bonding 
small areas f o r  sho r t  term a t  316°C. It was r e c e n t l y  eva lu ted  i n  t h e  NASA-CASTS 
program as an adhesive f o r  bonding t i t a n i u m  and composites. The adhesive was found 
t o  possess the  des i r ab le  q u a l i t i e s  of tack and drape, b u t  e x h i b i t e d  poor s h e l f -  
1 i f e  and evolved cons iderable amounts o f  v o l a t i  l e s  du r i ng  bonding. A1 though 
e levated temperature s t rengths o f  the  adhesive were more than adequate, i t  was 
found unsu i tab le  f o r  large-area bonding (Ref. 11 ) . 
Polyphenyl qu i  noxal i n e  (PPQ) Adhesives 
PPQs are  high-temperature, 1 i n e a r  aromat ic  condensation polymers f i r s t  r e -  
por ted  i n  1967 (Ref. 12).  They a re  e a s i l y  synthesized by combining an aromatic 
tetraamine w i t h  an aromatic b i s b e n z i l  a t  room temperature t o  y i e l d  a h igh  
molecular  weight thermoplast ic  (F ig .  11). 
F igure  11. Polyphenylquinoxal  i n e  synthes is .  
Having shown p o t e n t i a l  on t he  NASA-CASTS program, t h i s  adhesive i s  p rgsen t l y  be ing 
evaluated f o r  bonding t i t a n i u m  and po ly im ide /g raph i te  composites on the  SCR pro- 
qram. Adhesive p rope r t i es  o f  t he  PPQ on bo th  t i t a n i u m  and Nil-150B2/graphite com- 
posi  t e  adherends a re  exh ib i t ed  i n  Table 5 (Ref. 13).  
Table 5. PPQ Adhesive Proper t ies  
Adherend 
Lap Shear Strength,  MPa ( p s i )  
RT 288OC 316°C 
Ti tan ium 
PolyimidelGraphi t e  Composite 41.4 25.5 19.3 
(6000) (3700) (2800) 
Although a t r a c e  amount o f  r es i dua l  so lven t  (m-cresol /xylene) i n  t he  PPQ bond1 i n e  
tends t o  a i d  p r o c e s s a b i l i t y ,  i t  i n t e n s i f i e s  t he  thermop las t i c  f a i l u r e  o f  t h e  adhe- 
s i v e  a t  e levated temperatures ( p a r t i c u l a r l y  on t i t a n i u m  adherends, Table 5) .  How- 
ever, optlmum s t reng ths  a re  obtained f o r  PPQ on po ly im ide /g raph i te  composite adher- 
ends. I n  s p i t e  o f  t h e  f a c t  t h a t  they a re  commercial ly unava i lab le ,  r e l a t i v e l y  ex- 
pensive, and r e q u i r e  a h igh  processing temperature, PPQs show excel  l e n t  p o t e n t i a l  
as adhesives f o r  bondi ng s t r u c t u r a l  components. 
I I I. - HIGH-TEMPERATURE ADDITION-TYPE ADHESIVES 
Development of Nadi c-Terminated Addi ti on Polymers 
Attempts have been made over the  pas t  decade t o  circumvent t he  processing 
d i f f i c u l t i e s  associated w i t h  1 inear  polymeric adhesives through the  use o f  low 
molecular weight "add i t ion"  polymers. Add i t ion  polyfiers are e a s i l y  processed 
i n  the  form of short-chained oligomers which thermal ly  chain extend by an addi -  
t i on - t ype  polymerizat ion i nvo l v ing  reac t i ve  unsaturated end groups. A1 though 
much has been gained toward a1 l e v i a t i n g  the evo lu t i on  o f  v o l a t i  l e s  associated 
w i t h  l i n e a r  systems, the add i t i on  polymers whicn have been developed cure 
t o  form a h i g h l y  cross l inked network which i s  very b r i t t l e  compared t o  a 
1 i near sys tem. 
I n  the l a t e  1960s TRW developed a rou te  f o r  prepar ing short-chained aromatic 
imides endcapped w i t h  5-norbornene-2,3-di carboxyl i c (nadic)  anhydri ds (Ref. 14) 
as shown i n  F ig .  12. The f i n a l  cure of t h i s  polymer c a l l e d  P-13N was e f fec ted  by 
F igure 12. Nadic-terminated i m i  de 01 igomer. 
the thermal chain extension o f  o l e f i n i c  end groups on the  nadimide prepolymer t o  
produce an e s s e n t i a l l y  void-free, h i g h l y  c ross l inked polymer. The cure of such 
nadic-capped imides, however, must be c a r r i e d  out  under pressure t o  avoid d issocia-  
t i o n  o f  the molecule i n t o  two components(Fig. 13). One o f  the  poss ib le  components 
i s  a v o l a t i l e  c.iemica1, cyc:opentadiene, which can be detr imenta l  i n  prepar ing void- 
f r e e  comqonents o r  bonds. 
F igure 13. Undesi rab le  cure o f  nadi c-capped imides. 
Structure-Proper ty  Studies of 1 ,,irni des 
A1 though the f i r s t  nadic-terminated imides were r e a d i l y  processabl e, they  
d i d  no t  perfom w e l l  as adhesives. I n  o rde r  t o  develop a nadic-capped system 
w i t h  good adhesive p roper t ies ,  NASA-Langley began a screening s tudy on var ious 
polymers t o  b e t t e r  understand which s t r u c t u r e s  would p rov ide  usable adhesives 
for  aerospace app l i ca t i ons  (Ref. 15). 
The ma te r i a l s  which were screened f o r  t h e i r  p o t e n t i a l  as adhssives on 
t i t a n i u m  are  l i s t e d  i n  Table 6. 
Table 6. Adhesive p rope r t i es  o f  nadic-capped irnides . 
- 
The o n l y  commercial ly a v a i l a b l e  ma te r i a l  (second i n  the  t a b l e )  had the  poorest  
adhesive s t reng th  of  any o f  the  systems tes ted .  As was found i n  the  s tudy on 
1 i n e a r  po ly imide adhesives, the nadimides con ta in ing  the  - meta (3,3' ) - 1  inked 
diamines performed bes t  as adhesives. The f i r s t  nadirnide i n  Table 6 (des ignated 
as LARC-13) exh ib i t ed  the  h ighes t  l a p  shear s t r eng th  and has been f u r t h e r  de- 
veloped fo r  use i n  several  spec ia l i zed  app l i ca t i ons  i n  t he  NASA CASTS and SCR 
programs. 
AMlNE STRUCTURE (Ar)  
LARC-13 Add i t i on  Poly imide Adhesive 
LARC-13 (F ig .  14) i s  an add i t i on -cu r i ng  adhesive which was developed f o r  low 
pressure bonding w i t hou t  the  generat ion o f  v o l a t i l e s  du r i ng  cure  (Ref. 16).  Be- 
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Figure  14. LARC- 13 adhesive chemi s t r y  
Lured LARC-13 has a h i gh  c r o s s l i n k  dens i t y  and can t h e r e f o r e  be used w e l l  i n  
excess of i t s  g lass t r a n s i t i o n  temperature (270°C). It has been used success fu l l y  
t o  bond a high-temperature composite t o  a ceramic f o r  m i s s i l e  app l i ca t i ons  re -  
q u i r i n g  several  seconds performance a t  595°C. This adhesive has a l s o  met c r i t e r i a  
f o r  CASTS app l i ca t i ons  having e x h i b i t e d  adeqaate adhesive s t r eng th  a f t e r  125 h rs .  
a t  316OC. A major usage of LARC-13 has been i n  the  bonding o f  honeycomb sandwich 
s t ruc tu res .  Th is  a ~ p l i c a t i o n  requ i res  t h a t  the  adhesive: :1) bond a t  low pressure 
(345 kPa, 50 p s i )  i n  o rder  n o t  t o  co l l apse  t he  honeycomb s t r u c t u r e  and (2 )  f i l l e t  
around the  c e l l  s t r uc tu re .  LARC-13 has met bo th  requirements. Th is  adhesive i s  
p resen t l y  be ing evaluated by NASA and Boeing Aerospace i n  the  SCR program f o r  bond- 
i n q  t i  t a n i  um and compos i tes. P re l  i m i  na ry  bonding data repor ted  from bo th  centers  
a re  shown i n  Table 7. 
Table 7. LARC-13 Lap Shear St rength (LSS) 
Laboratot y Adherend LSS, MPa ( p s i )  
RT 31 6OC 
NASA-Langl ey Gr/PMR- 1 5 15.9 (2300) 13.1 (1900) 
Gr/NR-15062 34.5 (5000) 11.7 (1700) 
T i  t a n i  urn 20.7 (3000) 10.3 (1500) 
Boei ng Gr/PMR- 15 13.8 (2000) 13.8 (2OflO) 
Glass/PMR-15 22.8 (3300) 15.2 (2200) 
T i  tan: urn 27.6 (4000) 15.2 (2200) 
Highly crossl inked adhesives tend t o  be very b r i t t l e  and therefore have low 
res is tance t o  peel forces. I n  order t o  increase i t s  v e r s a t i l  i ty ,  NASA-Langley re-  
cen t l y  began a program t o  toughen LARC-13 adhesive by reac t i ng  ATBN (amine-termi- 
nated butadienelacry loni  tri 1 e)  and' ATS (amine-terminated s i  1 icone) elastomers 
(Fig. 15) i n t o  the  pslymer backbone (Ref. 17). Although a s a c r i f i c e  wa; observed 
Figure 15. Elastomer: added t o  LARC-13 adhesive. 
i n  the  high-temperature 1 ap shear strengths o f  the elastomer-modif i e d  adhesives, 
res is tance t o  peel was improved near ly  8 - f o l d  and the  f rac ture  toughness o f  LARC-13 
was improved 3 t o  5-fold. 
I nves t i ga t i on  of New End Groups 
Although nadic-terminated imides o f f e r  considerable processing advantages, 
they cannot withstand elevated temperatures i n  a i r  w i thout  g radua l ly  degrading. A 
recent i nves t i ga t i on  was conducted t o  f i nd  a c ross l i nk ing  end group which would in- 
prove the long-term thermo-oxidative s tab i  1 i t y  of LARC-I 3 adhes-ive (Ref. 18). The 
most promising end group evaluated i n  t h i s  study was the acetylene group. The only  
change i n  the basic chemical s t ruc tu re  o f  LARC-13 was the s u b s t i t u t i o n  o f  4-ethynyl-  
ph tha l i c  anhydride f o r  nadic anhydride t o  produce an acetylene-terminated imide 
(Fig. 16). This mater ia l  was then screened as an adhesive on t i t an ium adherends and 
compared t o  LARC-13 (Table 8). The i n i t i a l  l a p  shear strengths o f  both adhesives 
were s im i l a r .  A f t e r  1000 hours exposure a t  2 3 2 O C  i n  a forced a i r  oven, the  LARC-13 
showed signs o f  ox ida t ion  as evidenced by a 251 loss  i n  s t rength  a t  23Z°C. The AT1 
adhesive, however, gained 12% i n  s t rength  a f t e r  the aging per iod  showing much promise 
as a future s t r u c t u r a l  adhesive. 
F igure 16. Acetylene-terminated ilnide (ATI) . 
Table 8. Comparison of Lap Shear Strengths (LSS) o f  LARC-13 
and AT1 Adhesives* 
I n i t i a l  LSS LSS A f te r  1000 hrs @ 232OC 
MPa ( p s i )  MPa ( p s i )  
Adhesive RT 232°C RT 2 32" C 
AT I 20.0 17.2 17.2 19.3 
(2900) (2500) (2500) (2800) 
* 
T i  t a n i  um Adherends 
Other Addi t , dn Polyimide Adhesives 
I n  1969, Hughes A i r c r a f t  Company repor ted the preparat ion o f  acetylene-termi - 
nated imide oligomers (Ref. 19) which could be thermal ly  polymerized through the 
et l lynyl  end group. This mater ia l  i s  p resent ly  marketed by Gu l f  O i l  Chemicals Com- 
pany (Ref. 20) under the t rade name o f  Thermid 600. Thermid MC-600 (Fig.  17) i s  a 






Figure 17. Thermid 600 
s t r u c t u r a l  adhesive. Thermid LR-600 which i s  the amic a c i d  form i n  N-methylpyrro- 
l i done  i s  a l so  usefu l  as an adhesive espec ia l l y  i n  cases where s o l u b i l i t y  i s  an 
important factor .  Both o f  these mater ia ls  have been found e f f e c t i v e  i n  bonding 
t i tan ium, aluminum, copoer, and composites. Room temperature l a p  shear s t rengths 
o f  26.2 MPa (3800 ps i )  have been obtained w i t h  T i / T i  bonds by adding 5% hydro- 
quinone t o  the LR-600 res in.  A1 though the add i t i on  o f  hydroquinone g r e a t l y  en- 
hances the  high-temperature s t rength  of t h i s  adhesive (11.4 MPa, 1650 p s i )  i t  
reduces the long term thermo-oxidative s tab i  1 i ty  o f  the  polymer. 
I n  1973, the development o f  ma1 eimide-capped 01 igomers 'was reported by Rhone- 
Poulenc (Wef. 21) and these mater ia ls  were l a t e r  marketed by Rhodia as a product 
l i n e  c a l l e d  Kerimid. These mater ia ls  are present ly  used f o r  a v a r i e t y  of appl ica-  
t ions  bu t  have not  y e t  received acceptance as high-temperature adhesives due t o  
t h e i r  1 i m i  ted  thermal s t a b i l i t y .  
Acetylene-Terminated Phenylquinoxal i ne  Adhesives 
* 
'>olymers prepared from acety l  ene-termi nated phenyl qui  noxal ines (ATPQ) were 
. Fi rs f :  reported i n  1975 (Ref. 22). The development o f  ATPQs (Ref. 23) as s t ruc-  
t u r l l  adhesives has been geared toward improving the p rocessab i l i t y  wi thout  com- 
pronii s i n g  thermo-oxidati ve o r  mechanical proper t ies.  Recent ly a ser ies o f  ATPQ 
oligomers o f  var ious molecular weights was inves t iga ted  a t  NASA-Langley f o r  t h e i r  
sdhesive proper t ies on t i t an ium and composite adherends i n  comparison t o  those o f  
l ine; r PPQs (Ref. 24). The mater ia ls  were prepared by the syn thet ic  rou te  shown i n  
Fia. :a by end-capping 1,2-diamino-terminated phenylquinoxal i n e  01 igomers w i t h  
F igure 18. Preparat ion o f  ATPQ oligomer 
4-(4-ethynyl phenoxy)benzi 1. A1 though the ATPQs were more processable than 1 inear  
PPQs, the l i n e a r  polymers were more therrno-oxidat ively s table.  The ATPQ res ins  per- 
formed we l l  as a d h s i v e s  f o r  j o i n i n g  t i t a n i u m  adherends as shown i n  Table 9. 
The l i n e a r  PPQs exh ib i t ed  bec ter  re ten t i on  i n  adhesive s t rength  a f t e r  aging i n  
a i r  a t  ?60°C. However, because o f  t h e i r  h igh c ross l i nk  dens i ty  t he  add i t i on  ATPQs 
can p e r f o m  b e t t e r  a t  higher  temperatures (316%) than t h e i r  1 i near  counterparts 
r, . ,ch f~ : i l  thermop1~;t ical ly a t  temperatures above t h e i r  glass t r a n s i t i o n  tempera- 
tures. 
Table 9. Adhesive Proper t ies  o f  ATPQ Oligomers 
Processing Temp. Lap Shear St rength,  MPa ( p s i )  
Adhes i ve ( O C ) ;  and Pressure 
jMo lecu la r  W t .  ) ( MPa) RT 260°C 260°C, 500 hrs .  
ATPQ 316; 0.34 34.8 12.8 5.5 




L inea r  
I V .  SUMMARY 
High-Temperature adhesives are becoming i nc reas ing l y  impor tant  f o r  aerospace 
appl i ca t i ons .  Very few high-temperature adhesives a r e  commerci a1 l y  ava i  1 ab i  e a t  
present, and none o f  these a re  ab le  t o  meet t he  s t r i n g e n t  needs o f  c u r r e n t  aero- 
space programs. The Ma te r i a l s  D i v i s i o n  a t  NASA-Langley Research Center has developed 
several  novel high-temperature adhesives t o  f u l  f i  11 these needs. These adhesives 
have r e s u l t e d  from bas i c  research s tud ies  over t he  pas t  decade on the  s t r u c t u r e -  
p roper ty  r e l a t i o n s h i p s  o f  bo th  l i n e a r  and a d d i t i o n  aromatic poly imides. More r e -  
cen t l y ,  researchers have a l  so begun i n v e s t i g a t i n g  1 i n e a r  and a d d i t i o n -  t ype  po ly -  
phenylquinoxal ines (PPQ). Both in-house and commercial ly a v a i l a b l e  ma te r i a l s  have 
been screened f o r  use as s t r u c t u r a l  adhesives on NASA-funded aerospace programs. 
Research on 1 i n e a r  polymers has progressed t o  the  development o f  LARC-TFI , a 
thermoplast ic  po ly im ide  which i s  i n  the  i n i t i a l  stages o f  commercial i z a t i o n .  Th is  
mater ia l  shows much promise as a s t r u c t u r a l  adhesive f o r  bonding metals and com- 
pos i tes  and i n  the  lamina t ing  o f  f i l m  f o r  f l e x i b l e  e l e c t r o n i c  c i r c u i t r y .  A l i n e a r  
PPQ adhesive has a l s o  been developed which shows much p o t e n t i a l  f o r  bonding t i t a n i u m  
and composite s t ruc tu res .  Both o f  these 1 i n e a r  adhesives a re  p resen t l y  be ing  eval  u- 
ated f o r  supersonic c ru i se  research app l i ca t ions .  
S t ruc tu re -p roper ty  s tud ies  on a d d i t i o n  polymers have l e d  t o  t he  development o f  
LARC- 13, a nadic-capped a d d i t i o n  po ly imide adhesive and an acety lene- termi  nated 
phenylquinoxal ine adhesive (ATPQ). Research on LARC-13 and t he  ATPQ has shown t h a t  
these adhesives a r e  more r e a d i l y  processable than 1 i n e a r  systems, b u t  l e s s  thermo- 
o x i d a t i v e l y  s tab le  and more b r i t t l e .  However, because o f  t h e i r  h i g h  cross1 i n k  
dens i t i es ,  the  add i t ion - type  adhesives a re  ab le  t o  per form a t  l e a s t  f o r  s h o r t  terms 
a t  e levated temperatures up t o  595OC where 1 i n e a r  systems f a i  1 thermop las t i ca l l y .  
Pre l im inary  work on both l i n e 3 r  and a d d i t i o n  polymers has shown t h a t :  ( 1 )  t he  
e levated temperature s t r eng th  of : i near  polymers can be enhanced by added metal  ions,  
(2)  a d d i t i o n  polymers can be toughened by added elastomers, and ( 3 )  a d d i t i o n  po l y -  
mers can be made more thermo-ox ida t i ve ly  s t a b l e  by chemical mod i f i ca t i ons .  
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